The burden of COVID-19 and diabetes {#Sec1}
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The Coronavirus disease 2019 (COVID-19), caused by the novel coronavirus SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2), has abruptly reached pandemic proportions. SARS-CoV-2 is a member of the *Betacoronavirus* family, as well as SARS-CoV (severe acute respiratory syndrome coronavirus) and MERS-CoV (Middle East respiratory syndrome-related coronavirus). Since the beginning of 2020, the number of confirmed cases of COVID-19 has dramatically increased worldwide, leaping to more than a million by March 2020 \[[@CR1]\]. Although the majority of COVID-19 patients develop mild to moderate clinical features \[[@CR2]\], severe pneumonia, acute respiratory distress syndrome (ARDS) and multi-organ failure, leading to high death rate, may develop. Notably, marked sex differences have emerged in COVID-19 prevalence and prognosis. In particular, the age-specific risk of disease is reported to be significantly higher in males than in females, except under the age of 50 years. Moreover, the age-specific risks of death and hospitalization is at least two fold higher in males than in females among all age ranges \[[@CR3]\]. Furthermore, patients with advanced age and underlying pathologies, mainly hypertension, diabetes and cardiovascular disease (CVD), are more prone to experience severe form of the disease \[[@CR4]\]. Even though the overall mortality considerably varies among countries, the fatality-rate by age groups displays very similar patterns, rising consistently in the 60--69-year age group \[[@CR5]\]. Importantly, the presence of comorbidities further increases mortality. In a sample of 355 patients who died of COVID-19 in Italy, the prevalence of diabetes was 35.5% \[[@CR5]\]. Not so differently from COVID-19, the spread of diabetes has known no boundaries, and the number of affected people has reached nearly half a billion worldwide \[[@CR6]\]. The number of deaths attributed to diabetes and its complications was around 4.2 million in 2019 \[[@CR6]\]. Notably, more than 65% of diabetic patients are over 65 years old \[[@CR7]\]. Thus, although with extremely different connotations, COVID-19 and diabetes are two pandemics that share the burden of a wide diffusion in the elderly population and a dramatic impact on global mortality and economic health resources.

This short review is focused on some open questions emerging from the effort to fully understand the link between COVID-19 and diabetes, mainly in the context of possible harmful or beneficial effects of commonly used drugs in patients with diabetes on the course of COVID-19 infection.

Diabetes as a risk factor for COVID-19 severity {#Sec2}
===============================================

Diabetes is reportedly a major cause of mortality and morbidity worldwide. A conceivable link between diabetes and infectious diseases has been postulated. In particular, lower respiratory tract infections are known to be rather common and severe in the elderly with type 2 diabetes (T2D) \[[@CR8]\]. Although evidence suggests that diabetes is unlikely to significantly increase the susceptibility to SARS-CoV-2 infection, a higher risk of worse COVID-19 progression and outcomes has been observed \[[@CR9]\]. The mechanisms underlying this association are not completely clear yet, but the exacerbated pro-inflammatory cascade and the impaired immune response in diabetic patients with COVID-19 are suspected to be crucially involved. In particular, increased levels of pro-inflammatory markers, such as leukocyte and neutrophil count, pro-calcitonin, C-reactive protein, ferritin, and circulating cytokines that trigger the cytokine storm, namely IL-6, IL-8, IL-2 receptor, TNF-α, have been detected in diabetic patients with severe COVID-19 compared to patients without diabetes \[[@CR10]\]. Furthermore, an altered immune response in diabetic patients, possibly due to impaired lymphocyte, neutrophil and monocyte/macrophage function, has been long hypothesised, especially in the presence of poorly controlled glycaemia \[[@CR11], [@CR12]\]. Higher concentrations of D-dimer and fibrinogen, hallmarks of severe forms of COVID-19, have been also reported in patients with diabetes compared to patients without diabetes, suggesting that these patients might be more prone to develop coagulation abnormalities in the course of the infection, known to be significantly associated with worse prognosis \[[@CR10], [@CR13]\].

In a recent retrospective study involving Chinese patients (*n* = 904) with moderate, severe or critical disease, the major risk factors for mortality and poor outcomes were evaluated. Among the enrolled patients 15% (*n* = 136) had diabetes, including T2D, type 1 diabetes and gestational diabetes. Overall, diabetes increased the odds of in-hospital death and poor prognosis. Diabetic patients were older and had significant alterations of several laboratory parameters associated with poor prognosis compared to patients without diabetes. In particular, they had higher levels of D-dimer, while female diabetic patients had increased LDH and neutrophil count, compared to non-diabetic patients. CVD was more common in men with diabetes than in non-diabetic men. Notably, in multivariable regression analysis, insulin therapy was independently associated with poor prognosis. C-reactive protein was the only independent risk factor for either mortality or poor prognosis in patients with COVID-19 and diabetes \[[@CR14]\]. Besides this, further research is also needed to clarify whether hypoglycaemia might also contribute to adverse outcomes and increased mortality in COVID-19 patients with diabetes \[[@CR15]\].

ACE2 modulation in lung injury {#Sec3}
==============================

Patients with diabetes have high prevalence of high blood pressure and are at increased risk of CVD \[[@CR16]\]. Hence, the treatment of hypertension largely includes drug classes that have demonstrated to reduce cardiovascular events, such as angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor blockers (ARBs) \[[@CR17]\]. Since ACE converts angiotensin I into angiotensin II, a potent vasoconstrictor and sodium-retentive agent, the blockage of the renin--angiotensin--aldosterone system (RAAS) leads to an effective reduction in blood pressure. ACE shows homology with angiotensin-converting enzyme 2 (ACE2), the receptor to which the transmembrane Spike glycoprotein on the surface of SARS-CoV and SARS-CoV-2 binds, allowing the internalization of the virus by the alveolar cells and other cell types \[[@CR18]\]. ACE2, which is clearly not a direct target of ACE inhibitors, is a ubiquitous mono-carboxypeptidase that converts angiotensin II into the anti-inflammatory and anti-fibrotic angiotensin-(1--7), contrasting its potent vasoconstrictor, sodium-retentive, pro-inflammatory and pro-fibrotic effects. Indeed, angiotensin-(1--7) binding to the Mas receptor induces nitric oxide release, protecting against tissue injury \[[@CR19]\]. Another known substrate of ACE2 is angiotensin I, which is converted into angiotensin-(1--9) \[[@CR20], [@CR21]\]. The latter is in turn converted into angiotensin-(1--7) by ACE, therefore competing with angiotensin II for its binding \[[@CR22]\].

Limited animal and in vitro studies have reported an upregulation of ACE2, induced by ARBs and, to a far lesser extent, by ACE inhibitors, predominantly in the heart and in the kidney. The effect is partly explained by an increase in local levels of angiotensin II, induced by ARBs, but not by ACE inhibitors \[[@CR20]\]. Indeed, ARBs block angiotensin II type 1 (AT1) receptors and, consequently, increase the availability of the substrate angiotensin II, which upregulates ACE2 \[[@CR21]\]. Based on this assumption, it has been speculated that the treatment with ARBs and ACE inhibitors might favour the entry of SARS-CoV-2 into the lung cells, therefore increasing the risk for adverse outcomes and severe forms of COVID-19 infection.

Conversely, a beneficial effect of a background therapy with ARB on the course of the disease has been supposed. Two complex mechanisms might support this hypothesis. Firstly, angiotensin II, by binding to its receptor AT1, might enhance the shedding of trans-membrane ACE2, promoted by ADAM17, a disintegrin and metalloprotease, therefore releasing soluble ACE2 locally. The soluble form of ACE2 is unable to mediate SARS-Cov-2 internalization, as it is no longer annexed to the cell membrane \[[@CR21]\]. Secondly, the up-regulation of ACE2, probably induced by ARBs might not necessarily have negative effects. As SARS-CoV-2 internalization in the lung cells inevitably induces the downregulation of ACE2, the increase in its substrate, angiotensin II, a potent vasoconstrictor and pro-inflammatory agent, might contribute to an exacerbation of lung injury. Indeed, in animal models of lung injury, a clear association between the activation of the angiotensin II-AT1 signalling and the severity of lung damage has been observed, while the detrimental effects of this cascade are counterbalanced by the activation of the ACE2-angiotensin-(1--7)-Mas receptor axis \[[@CR23]\]. Specifically, in models of sepsis or acid aspiration, which frequently cause acute lung injury and ARDS, ACE2 knockout mice experienced a more severe tissue damage, characterized by marked inflammatory cell infiltration, increased vascular permeability, lung oedema and bleeding, compared to wild-type mice. Similarly, angiotensin II type 2 (AT2) receptors knockout mice had a more marked lung damage. In the same models, the injection of recombinant human ACE2 protein into ACE2 knockout mice considerably decreased the severity of lung injury \[[@CR24]\]. In line with these findings, the pre-treatment with recombinant human ACE2 was able to reduce inflammatory cell infiltration and tissue injury in a mouse model of respiratory syncytial virus infection \[[@CR25]\]. Evidence from clinical studies is still rather limited. In patients with ARDS, recombinant human ACE2 increased angiotensin-(1--7) and decreased angiotensin-II concentrations, even though the study was prematurely discontinued for the lack of clinical improvement \[[@CR26]\]. Overall, evidence from animal models suggests a conceivable pneumo-protective role of both ACE2 and AT2 receptor in the context of lung injury. A loss of pulmonary ACE2 might therefore have harmful effects, exacerbating inflammation and promoting respiratory distress and fibrosis. In the same way, the activation of ACE, angiotensin II and AT1 receptor axis might exert detrimental effects, worsening lung damage. The rationale of RAAS inhibition is therefore counterbalancing these effects, by reducing angiotensin II and increasing ACE2. Notably, ARB and ACE inhibitors attenuated LPS-induced lung injury in several preclinical studies \[[@CR27]--[@CR31]\]. Recently, Milne et al. analysed gene expression of ACE2, ACE, AGTR1 (encoding for AT1), TMPRSS2 (transmembrane protease serine 2, requested cofactor for the internalization of SARS-CoV-2) and ADAM17 in a large number of healthy lung tissue samples collected from patients undergoing lung resection for cancer. A significant association between use of ACE inhibitors and reduced ACE2 gene expression was observed. Differently, the use of ARBs was not linked to relevant changes in ACE2 expression, but was significantly correlated to increased ACE and decreased AGTR1 expression \[[@CR32]\]. Although these findings are quite in contrast with data from animal studies, it should be highlighted that gene expression rather than protein concentration was analysed, and that the collected tissue samples did not exhibit lung injury or ARDS. COVID-19 results in severe lung damage and an imbalance of the RAAS system in this context cannot be excluded. Recently, in a pilot study, COVID-19 patients were found to have higher levels of circulating angiotensin II compared to healthy subjects, and a correlation between angiotensin II concentration and the severity of the disease was observed as well \[[@CR33]\]. Thus, the effects of ACE inhibitors and ARBs might be very different in extremely damaged context, and should be therefore explored in animal models of COVID-19.

Impact of ACE inhibitors and ARBs on COVID-19 infection: clinical evidence {#Sec4}
==========================================================================

Mounting evidence from recent clinical studies suggests that RAAS inhibitor use is not related to an increased risk of COVID-19 infection or poor outcomes. In a retrospective cohort study of 18,472 patients screened for COVID-19, test positivity was not significantly associated with ACE inhibitor or ARB therapy \[[@CR34]\]. Similarly, in a US study no relationship emerged between prior ACE inhibitor or ARB use and the increased likelihood of a positive SARS-CoV-2 test result, adjusting for relevant confounding factors \[[@CR35]\]. In an Italian community-based case--control study, no association was found between ACE inhibitor or ARB treatment and COVID-19 infection, although the use of these drugs was rather frequent, due to high prevalence of CVD \[[@CR36]\]. Overall, these findings excluded an increased risk of COVID-19 infection in patients already treated with RAAS inhibitors.

Other studies have evaluated the link between COVID-19 progression and RAAS inhibitor therapy. In a recent Korean population-based cohort study, involving 5179 COVID-19 patients, the use of ACE inhibitors or ARBs was not associated with a higher mortality risk, after adjustment for confounders \[[@CR37]\]. In a recent systematic review, including a total of *n* = 23,565 COVID-19 patients from different countries, ACE inhibitor or ARB use was not associated with increased severity of COVID-19 illness \[[@CR38]\]. Interestingly, in a meta-analysis of more than 19,000 COVID-19 patients from seven cohort studies and five case--control studies, the use of RAAS inhibitors was not linked to a higher risk of COVID-19 infection, severity or mortality, whereas mortality risk was significantly lower in patients treated with ACE inhibitors or ARBs compared to those treated with other antihypertensive drugs \[[@CR39]\].

Taking together, data from observational studies indicates that RAAS inhibitor therapy is unlikely to have a negative impact on the course of the infection. However, whether patients with COVID-19 might take advantage of initiating these drugs or not in terms of disease progression and outcomes should be explored in clinical trials, which are still ongoing.

ACE2 modulation in myocardial injury {#Sec5}
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CVD is a well-known major complications of diabetes. The risk of developing CVD is 2- to fivefold higher in patients with T2D than in non-diabetic patients, mainly due to diabetes-related coronary atherosclerosis \[[@CR40]\]. In addition, diabetic cardiomyopathy may occur independently of coronary artery disease, likely developing from T helper 1 driven responses within the cardiomyocyte \[[@CR41], [@CR42]\]. Besides the common clinical features of COVID-19, cardiovascular damage may occur in nearly 12% of patients \[[@CR43]\], being a cause of major concern, due to a high related mortality. The mechanisms underlying this complication are largely unknown. The direct viral damage and the destabilization of coronary plaques, reportedly, are suspected to play a consistent role. Notably, in a sample of 187 patients with COVID-19, Guo et al. observed that the presence of background coronary heart disease or cardiomyopathy was associated with frequent occurrence of myocardial damage, highlighted by a marked increase in serum Troponin T in the course of the disease \[[@CR44]\]. Accordingly, mortality was considerably higher among patients with myocardial injury and concomitant CVD (69.4%) than in patients without CVD (37.5%). Remarkably, a considerable percentage of patients displaying myocardial injury had diabetes (30%), compared to patients without myocardial injury (8.9%). Myocardial injury may therefore contribute to the poorer outcomes observed in diabetic patients with COVID-19 \[[@CR45]\]. Of note, patients with myocardial injury were more prone to develop malignant arrhythmias, ARDS, coagulopathy and acute kidney injury, which explained high mortality \[[@CR44]\]. Importantly, ACE inhibitors and ARBs were broadly used in patients with myocardial injury, but mortality did not significantly differ between treated and non-treated patients. Although consistent evidence excluding harms or suggesting benefits of RAAS inhibitors on COVID-19 patients with hearth injury is lacking, most ARBs were able to increase ACE2 expression in the hearts of animal models of arterial hypertension \[[@CR46]\]. Even in this pathological context, the possible effects of these drugs should be further elucidated, as the down-regulation of ACE2 in cardiomyocytes and in blood vessels, induced by SARS-CoV2 internalization, might exacerbate myocardial injury and endothelial dysfunction, compromising heart function in patients with diabetes and underlying CVD \[[@CR20], [@CR47]\].

In addition, patients with T2D have high rate of lipid alterations and statins are the first line therapy for dyslipidaemia. Remarkably, evidence from preclinical studies suggests that statins might modulate ACE2 expression in several tissues, including the heart. It has been observed that atorvastatin increased ACE2 protein expression in the heart and in the kidney of rabbits with atherosclerosis \[[@CR48]\]. In another study, diabetic rats displayed significantly lower expression of ACE2 and impaired systolic and diastolic function compared to control rats, and the combined treatment with insulin and fluvastatin was associated with higher levels of ACE2, compared to non-treated diabetic rats \[[@CR49]\].

ACE2 is a multi-substrate enzyme and is a targeted by several molecules. Although extremely limited, there is evidence in animal studies that peroxisome proliferator-activated receptor gamma (PPAR-γ) agonists, which are insulin-sensitizer drugs for the treatment of type 2 diabetes (T2D), might increase the expression of ACE2 in different tissues. In an animal model of hypertension, the insulin-sensitizer Rosiglitazone modulated the ACE2/angiotensin-(1--7)/angiotensin II axis in aortic tissue and lowered blood pressure by increasing the expression of ACE2 \[[@CR50]\]. Similarly, in high fat diet fed rats, an animal model of obesity, pioglitazone increased the expression of ACE2 in insulin-sensitive tissues (liver, adipose tissue and skeletal muscle) likely through the modulation of renin-angiotensin system \[[@CR51]\].

COVID-19 and diabetes: beyond ACE2 modulation {#Sec6}
=============================================

ACE2 is widely distributed in human tissues and, remarkably, its expression was found to be even lower in the lung than in other sites \[[@CR4]\]. Hence, other mediators are thought to play a role in facilitating SARS-CoV-2 infection. The priming by the serine protease TMPRSS2 is requested for the binding of ACE2 and the internalization of SARS-CoV-2. TMPRSS2 cleaves the S protein in S1 and S2 subunits, a necessary step for membrane fusion and viral internalization, which contextually drags ACE2 into the alveolar cells \[[@CR18]\]. In light of this, both antibodies targeting S-protein and TMPRSS2 inhibitors might prevent SARS-CoV-2 entry in lung cell \[[@CR18]\]. Individuating other possible candidate co-receptors is, therefore, of great importance for the development of new therapeutic strategies to contrast the infection.

DPP4 is a ubiquitously expressed cell surface exopeptidase with important metabolic functions. It mainly regulates the bioactivity of gut-derived hormones, such as glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP). They stimulate insulin secretion in response to oral glucose administration, known as the incretin effect \[[@CR52]\]. The DPP4 inhibitors (DPP4i) are commonly used drugs for the treatment of T2D. They prevent the degradation of incretins by inhibiting the catalytic activity of DPP4. As a result, ß-cell insulin secretion is potentiated and glycaemia is significantly reduced. Independently of its catalytic function, DPP4 displays inflammatory and immune functions \[[@CR53]\]. Indeed, it is expressed mainly by T-lymphocytes and is involved in their activation and proliferation \[[@CR54]\]. Interestingly, pro-inflammatory factors significantly increase DPP4 expression in circulating immune cells \[[@CR55]\]. Unlike SARS-CoV and SARS-CoV-2, which binds to ACE2 to entry into lung cells, DPP4 is the functional receptor for MERS-CoV \[[@CR56]\]. Hence, several mouse and human monoclonal antibodies preventing protein S binding to DPP4 have given promising results for the treatment of MERS \[[@CR57]\]. Of note, it has been recently reported that DPP4 shares patterns of expression with ACE2 in the lung, precisely in alveolar type 2 cells, the main target of Sars-CoV-2 \[[@CR58]\]. Vankadari et al. have recently set up a docking model of DPP4 and the SARS-CoV-2 Spike glycoprotein \[[@CR59]\]. They predicted several DPP4 residues that might be involved in the interaction with SARS-CoV-2 S1 domain of the Spike protein, also targeted by other coronaviruses that enter the host cells through the functional receptor DPP4. However, further validation is needed to draw conclusions and to establish whether the possible adhesion between DPP4 and Spike protein may play a role in SARS-CoV-2 infection. Consequently, there are some important issues to be addressed before claiming possible beneficial effects of DPP4 modulation on COVID-19 \[[@CR60]\]. According to data from Chen et al., in patients with diabetes and moderate-severe COVID-19 the use of DPP4i did not significantly impact on mortality and clinical outcomes \[[@CR14]\].

Conclusion {#Sec7}
==========

The presence of diabetes considerably influences the course of COVID-19 infection, being a risk factor for poor outcomes. In limited preclinical studies, ACE2 expression was found to be modulated by several players in different tissues. Most of them are largely employed in the treatment of diabetes, such as antihypertensive and, to a considerably lesser extent, insulin-sensitizers and statins. In light of this, the potential harmful or protective effects of these treatments in COVID-19 infection might be an interesting soil for further research. To date, data supporting that these drugs clearly interfere with SARS-Cov-2 access in lung cells or in other tissues are completely lacking. It should be stressed that in the absence of evidence from consistent clinical studies, the discontinuation or the adoption, of these therapies in the attempt to influence the course of the infection is strongly discouraged.
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